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Ameliorating the function of the glomerular barrier to
circulating proteins by blocking angiotensin II (Ang
II) translates into less risk of progression toward end-
stage renal failure in diabetic and nondiabetic ne-
phropathies. However, the mechanisms underlying
this barrier protection are not clear. Specialized con-
tacts between adjacent podocytes are major candidate
targets, and the actin cytoskeleton is emerging as a
regulatory element. Here, we present data demon-
strating that Ang II induced reorganization of F-actin
fibers and redistribution of zonula occludens-1 (ZO-1)
that is physically associated with actin in murine
podocytes. These effects were paralleled by increased
albumin permeability across podocyte monolayers.
The F-actin stabilizer jasplakinolide prevented both
ZO-1 redistribution and albumin leakage, suggesting
that actin cytoskeleton rearrangement is instrumen-
tal to podocyte permselective dysfunction induced by
Ang II. Changes in both F-actin and ZO-1 patterns
were confirmed in glomeruli of rat isolated perfused
kidneys on short infusion of Ang II, leading to in-
creased protein excretion. Podocyte dysfunction was
mediated by Ang II type 1 receptor and was partly
dependent on Src kinase-phospholipase C activation.
These data demonstrate that strategies aimed at stabi-
lizing podocyte-podocyte contacts and targeting the
relevant intracellular signal transduction are crucial
to renoprotection. (Am J Pathol 2006, 168:1073–1085;
DOI: 10.2353/ajpath.2006.050701)

The population of patients with end-stage renal failure is
expanding worldwide at an alarming rate, partly because
of steady rises in the prevalence of conditions such as
diabetic nephropathy, HIV nephropathy, obesity, and
chronic allograft rejection. The relevance of investigating
the dysfunction of the glomerular barrier to macromole-
cules relies on the evidence that proteinuria is both a
strong predictor and a contributing factor of progression
of nephropathy.1,2 Mechanisms underlying the loss of the
barrier function and the associated pathology have re-
cently emerged on the wave of the identification of spe-
cific molecules of the foot process in the podocyte.3–5

Besides location at or near the intercellular contact, these
molecules share interactions with each other and the
actin cytoskeleton.6–8 The latter is increasingly thought to
play a central role in maintaining podocyte structure and
function3,9,10 and to contribute to reorganization of the
foot process in proteinuric nephropathies.11,12

One pivotal mediator of progressive renal injury, an-
giotensin II (Ang II), may play a direct role in the patho-
genesis of proteinuria.13 Infusion of Ang II in rat isolated
kidneys caused impairment of the glomerular barrier
leading to enhanced filtration of molecules of radii �34 Å
and increased protein excretion.14 Evidence for roles of
Ang II in progressive disruption of glomerular permselec-
tivity rests on the observation that angiotensin-converting
enzyme inhibitors (ACE-I) preserve the size-selective re-
striction to macromolecular probes in animals and in
humans.15,16 The case for Ang II as a candidate promoter
of progressive podocyte dysfunction in vivo was sug-
gested by findings that ACE-I prevented proteinuria and
the associated glomerular redistribution of the foot pro-
cess protein zonula occludens-1 (ZO-1) in a rat model of
glomerulosclerosis.17 Molecular mechanisms whereby
Ang II could produce such change are unknown. The
perijunctional actin cytoskeleton may be crucial to the
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integrity of the tight junction and to the regulation of
paracellular permeability.18 No studies have yet compar-
atively investigated the effects of Ang II on actin cytoskel-
eton and functional integrity of podocyte layer and the
relevant signal transduction.

In epithelial cells, ZO-1 at the cytoplasmic surface of
the tight junction couples transmembrane proteins to ac-
tin microfilaments and other associated molecules.19,20

In podocytes, ZO-1 is similarly located at the cytoplasmic
side of the slit diaphragm21 and is linked directly or
indirectly through catenin intermediates to the transmem-
brane proteins, Neph122 and P-cadherin.23 This analogy,
together with the evidence that Ang II induces cytoskel-
etal changes in rat podocytes,24 prompted us to investi-
gate whether perturbation of cytoskeletal organization by
Ang II might be instrumental in inducing changes in ZO-1
expression and permselective dysfunction. To test this
hypothesis and to study the intracellular signaling path-
ways involved in Ang II effects, we examined differenti-
ated mouse podocytes. The significance of the in vitro
data in respect to events occurring in the glomerulus was
established directly by studying the effects of Ang II
infusion on ZO-1 expression and protein flux in the rat
isolated perfused kidney.

Materials and Methods

Cell Culture and Incubation

Immortalized mouse podocytes (kind gift from P. Mundel)
were grown on rat tail collagen type I (BD Bioscience,
Bedford, MA) in permissive conditions at 33°C in RPMI
1640 medium (Invitrogen, Gaithersburg, MD) supple-
mented with 10% fetal bovine serum (FBS; Invitrogen), 10
U/ml mouse recombinant �-interferon (Sigma-Aldrich, St.
Louis, MO), and 100 U/ml penicillin plus 0.1 mg/ml strep-
tomycin (Sigma-Aldrich).23 To induce differentiation,
podocytes were maintained at 37°C in nonpermissive
conditions in RPMI 1640 medium plus 10% FBS and
antibiotics without �-interferon for at least 2 weeks.23

Selected experiments (immunocytochemistry of ZO-1
and nephrin as well as permeability studies) were per-
formed in another murine podocyte cell line (kindly pro-
vided by K. Endlich). In this case, differentiation of podo-
cytes was achieved by maintaining cells at 38°C on type
IV collagen (BD Bioscience) in the absence of �-inter-
feron for the same time as above.25 Both cell lines were
identified as adult podocytes by high synaptopodin ex-
pression. Differentiated podocytes were routinely main-
tained for 24 hours in RPMI 1640 plus 1% FBS (test
medium) before all of the experiments. For immunofluo-
rescence studies, podocytes were seeded on type I or IV
collagen-coated glass coverslips for Mundel’s and Endli-
ch’s podocytes, respectively, and then exposed to Ang II
10�7 mol/L (Sigma-Aldrich) or to test medium for 1 hour.
All of the experiments were performed at 37 or at 38°C for
Mundel or Endlich’s podocytes, respectively.

To investigate roles of Ang II type 1 (AT1) receptor,
actin cytoskeleton, and Src family tyrosine kinases, we
incubated podocytes (by Mundel) for 1 hour with the

highly potent and selective AT1 receptor antagonist
L-158,80926 (10 nmol/L; kind gift from Merck Sharp
Dohme Research Laboratories, Rahway, NJ), jasplakino-
lide (JASP; 100 nmol/L; Molecular Probes Inc., Eugene,
OR), which is a cell-permeable monocyclic peptide that
binds and stabilizes F- actin,27 or the highly potent se-
lective inhibitor of Src kinases PP128 (1 �mol/L; BIOMOL
Research Laboratories Inc., Plymouth Meeting, PA), re-
spectively, followed by Ang II (10�7 mol/L) for 1 hour in
the continued presence of drugs. JASP alone had no
effects on the distribution of podocyte molecules (data
not shown). The involvement of phospholipase C (PLC)
was studied by incubating the podocytes with the PLC
inhibitor U-7312229 (1 �mol/L; Sigma-Aldrich) for 30 min-
utes before and during 1 hour of exposure to Ang II 10�7

mol/L.

Fluorescence Microscopy

At the end of incubation, cells were fixed with 2% para-
formaldehyde plus 4% sucrose for 10 minutes at 37 or
38°C as appropriate, washed once with phosphate buff-
ered saline (PBS), and permeabilized with 0.3% Triton
X-100 (Sigma-Aldrich) in PBS for 4 minutes at room tem-
perature.23 Nonspecific binding sites were blocked with
blocking solution (2% FBS, 2% bovine serum albumin,
and 0.2% bovine gelatin in PBS) for 30 minutes at room
temperature. Cells were then incubated (overnight, 4°C)
with polyclonal rabbit anti-ZO-1 (10 �g/ml; Zymed Labo-
ratories, Inc., South San Francisco, CA), anti-�-catenin
(10 �g/ml; Santa Cruz Biotechnology Inc., Santa Cruz,
CA), or anti-�-actinin (10 �g/ml; Santa Cruz Biotechnol-
ogy) antibodies (Abs) or with a polyclonal guinea pig
anti-nephrin Ab (1:100; Progen, Heidelberg, Germany) or
with an anti-�-catenin monoclonal Ab (10 �g/ml, Santa
Cruz Biotechnology) followed by fluorescein isothiocya-
nate (FITC)-conjugated secondary Abs (Jackson Immu-
noresearch Laboratories, West Grove, PA) for 1 hour at
room temperature. Negative control experiments with
FITC-conjugated secondary Ab alone resulted in com-
plete prevention of staining. For double labeling of ZO-1
and F-actin, cells were preincubated with anti-ZO-1 Ab
followed by rhodamine phalloidin (20 U/ml; Molecular
Probes) for 45 minutes at room temperature. At the end of
incubation, coverslips were washed and mounted in 1%
N-propyl-gallate in 50% glycerol and 0.1 mol/L Tris-HCl
(pH 8). In Mundel’s podocytes, fluorescence was ana-
lyzed by an observer blinded to the nature of experimen-
tal samples using an inverted light microscope (IX70;
Olympus Optical Co., Tokyo, Japan) equipped with epi-
fluorescence followed by computer-based image analy-
sis (Image Pro-Plus 4.5). Separate images from the same
field were acquired using appropriate filters, imported
into Adobe Photoshop 2.0, and digitally merged. Immu-
nofluorescence staining for ZO-1 and nephrin in Endlich’s
podocytes was analyzed by an inverted confocal laser
scanning microscope (LS 510 Meta; Zeiss, Jena, Ger-
many). In additional experiments, immunostaining for
ZO-1 was further analyzed by three-dimensional (3-D)
reconstruction of the podocyte signal. To this purpose,
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resting or Ang II-stimulated Endlich’s podocytes were
double labeled for ZO-1, as described above, and the
nuclear cell marker 4,6-diamidine-2�-phenylindole dihy-
drocloride (DAPI; Boehringer, Mannheim, Germany) for
30 minutes at 37°C. Ten confocal images for each exper-
imental setting were randomly acquired with a z-axis
scan of 21 to 36 images at 0.32 �m distance (LS 510
Meta; Zeiss). Three-dimensional reconstructions of the
image series were performed to obtain 3-D models of
ZO-1-stained regions and of DAPI staining using the
“marching cubes” technique implemented in the Visual-
ization Tool Kit libraries (http://public.kitware.com/).

Morphometry

The pattern of ZO-1 distribution in unstimulated and Ang
II-treated podocytes in the absence or presence of the
inhibitors was evaluated by morphometry. Briefly, about
20 fields for each sample showing ZO-1-labeled podo-
cytes were randomly digitized, in a blinded manner, from
the fluorescence microscope and stored on digital im-
ages. The image was binarized using a threshold to
segment areas of ZO-1 staining. For each fluorescent
segment, the perimeter in pixels was automatically cal-
culated using the image analysis software Image J1.32
(http://rsb.info.nih.gov). Then, the length of each segment
was calculated as the semiperimeter, and the sum of all
segment lengths per field was computed. Exact enlarge-
ment in micrometers per pixel of digital images was cal-
culated from images of a reference grid digitized at the
same resolution. Finally, the average number of seg-
ments per field, the average of total length per field, and
the mean length per field (the ratio between the total
length and the number of segments per field) for each
experimental setting (from 70 to 130 fields in each group,
podocytes incubated with medium alone, Ang II, or Ang
II plus inhibitor) were calculated and expressed in mi-
crometers per field.

Permeability Studies

Permeability was determined by measuring the transep-
ithelial passage of FITC-bovine serum albumin (BSA)
from apical to basolateral compartment of transwell bi-
cameral chambers (0.4-�m pore; Corning Costar Corpo-
ration, Cambridge, MA) as described previously30 with
slight modifications. Confluent differentiated podocytes
were exposed to test medium or Ang II 10�7 mol/L for 1
hour. FITC-BSA (100 �g/ml; Sigma-Aldrich) was loaded
into apical compartment for 1 hour. L-158,809 (10 nmol/
L), JASP (100 nmol/L), or PP1 (1 �mol/L) was added to
wells 1 hour before Ang II. The role of PLC was studied by
preincubation with U-73122 30 minutes before Ang II. At
the end of the incubation, fluorescence in the basolateral
compartment was measured using fluorescence spec-
troscopy (excitation � 490; emission � 525 nm).

To quantify the trans-membrane flux of FITC-BSA in
micrograms per hour, we calculated the BSA concentra-
tions in the lower chambers using fluorescent arbitrary
units of the albumin solution added to the apical com-

partment, taking into account the volume of the basolat-
eral compartment. The permeability assays were per-
formed at 37°C (Mundel’s podocytes) or at 38°C
(Endlich’s podocytes).

Western Blot Analysis

Podocytes were incubated in a radioimmunoprecipitation
assay buffer (0.1% sodium dodecyl sulfate [SDS], 0.5%
deoxycholate, 1% Triton X-100, 20 mmol/L HEPES (pH
7.5), and 150 mmol/L NaCl) in the presence of protease
inhibitor cocktail (Sigma-Aldrich) and 1 mmol/L EDTA for
30 minutes on ice, lysed by sonication, and centrifuged
(15,000 � g for 15 minutes at 4°C) to remove detergent-
insoluble materials. Protein concentration was deter-
mined by bicinchoninic acid assay (Pierce Chemical Co.,
Rockford, IL). Equal amounts of proteins were separated
on 5% SDS-PAGE under reducing conditions and trans-
ferred to polyvinylidene difluoride membranes (Bio-Rad
Laboratories, Hercules, CA). After blocking with 5% skim
milk in Tris-buffered saline supplemented with 0.1%
Tween-20, membranes were incubated overnight at 4°C
with anti-ZO-1 Ab (0.5 �g/ml) followed by horseradish
peroxidase-conjugated anti-rabbit IgG (room tempera-
ture, 1 hour). Bound Abs were detected by diaminoben-
zidine (Merck, Darmstadt, Germany).

For differential detergent extraction, podocytes were
lysed with 1% Triton X-100 (in 20 mmol/L HEPES [pH 7.5]
and 150 mmol/L NaCl plus protease inhibitors) at 4°C (1
hour, gentle agitation). After centrifugation (15,000 � g,
4°C for 30 minutes), pellets were resuspended to identi-
cal volume as supernatants in Laemmli buffer and solu-
bilized by sonication. Proteins were analyzed by 8% SDS-
PAGE and immunoblotted with polyclonal anti-ZO-1 or
anti-actin (Sigma-Aldrich) Abs followed by horseradish
peroxidase-conjugated goat anti-rabbit IgG. Bound Abs
were detected by chemiluminescence (Pierce). Bands
were quantified by densitometry with Microscan 1.0.5
and NIH Image 1.61/ppc software.

Isolated Perfused Kidney

Rat kidneys were isolated and perfused in a recirculating
system with an artificial cell-free medium.14 After a 20-
minute equilibration period, a 10-minute baseline urine
collection and a perfusate sample were obtained at the
end of the clearance period. Then Ang II (16 ng/minute)
or vehicle (n � 3 for each group) was infused into the
renal artery for 10 minute, and both urine and perfusate
samples were collected at the end of the clearance for
creatinine assay. Urinary protein concentration was also
determined. Urine output, urinary protein excretion rate,
and glomerular filtration rate (GFR) were evaluated. The
infusion time was chosen on the basis of previous time-
course experiments, showing that after 10 minutes of
infusion of Ang II (16 ng/minute), urinary protein excretion
rate was already significantly increased in respect to
baseline values and preceded the fall of GFR. At the end
of perfusion, kidney specimens were embedded in OCT
medium and frozen in liquid nitrogen for immunohisto-
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chemistry. Small fragments of cortical kidney tissue were
fixed overnight at 4°C in 2.5% glutaraldehyde in 0.1 mol/L
sodium cacodylate buffer, pH 7.4, for transmission elec-
tron microscopy (TEM).

For ZO-1 and F-actin staining, cryostat sections of
kidney tissue (3 �m) were fixed (10 minutes at room
temperature) in pre-chilled acetone and incubated (over-
night, 4°C) with rabbit anti-ZO-1 Ab (10 �g/ml) followed
by Cy3-conjugated goat anti-rabbit Ab (1 hour at room

temperature) or with rhodamine phalloidin (5 U/ml for 45
minutes). In each section, the glomerular distribution of
immunofluorescence staining for ZO-1 was evaluated,
assigning a score to individual glomeruli as follows: 0,
linear distribution along the glomerular capillary wall; 0.5,
heterogeneous distribution of the protein along the glo-
merular membrane, with changes from a linear to a finely
punctate pattern; and 1.0, markedly discontinuous distri-
bution of ZO-1 with focal loss of staining. The final score

Figure 1. Ang II induces ZO-1 redistribution in podocytes by a mechanism dependent on actin rearrangement. Staining for F-actin and ZO-1 in control (a–c) and
Ang II-stimulated podocytes in the absence (d–f) or presence (g–i) of the F-actin stabilizer jasplakinolide. On Ang II exposure (10�7 mol/L for 1 hour), F-actin
filaments stained predominantly at the periphery of differentiated podocytes rather than along the cell axis (d versus a). Cytoskeletal changes were associated
with ZO-1 fragmentation at podocyte-podocyte contacts (e versus b). Merged images show colocalization of ZO-1 and F-actin at discrete sites of cell-cell contact
(c and f). Actin stabilization (g versus d) prevented Ang II-induced ZO-1 fragmentation (h versus e).

Table 1. Morphometric Analysis of ZO-1 Staining in Murine Podocytes

NP/field �Li (�m/field) Lm (�m/field)

Control 187 � 5 347 � 8 1.88 � 0.04
Ang II 170 � 3* 273 � 6† 1.61 � 0.02†

Ang II � JASP 195 � 6‡ 349 � 14‡ 1.77 � 0.03‡

Ang II � L-158,809 208 � 5‡ 343 � 12‡ 1.63 � 0.03
Ang II � PP1 189 � 5§ 330 � 10‡ 1.75 � 0.04‡

Ang II � U-73122 202 � 5‡ 346 � 7‡ 1.73 � 0.03

*P � 0.05 versus control.
†P � 0.01 versus control.
§P � 0.05 versus Ang II.
‡P � 0.01 versus Ang II.
Data are means � SEM. NP, number of fluorescent segments per field; �Li, sum of segments per field; Lm, mean length per field.
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(SZO-1) per section was then calculated as the weighted
mean

SZO-1 �
	N1 � 0 � N2 � 0.5 � N3 � 1)

(N1 � N2 � N3)

where Ni (i � 1 to 3) is the number of glomeruli in each
category. Seventy glomeruli on average per section were
evaluated by an observer blinded to the nature of the
experimental groups. As negative control, incubation of
the sections with the secondary antibody alone resulted
in a complete prevention of staining at glomerular level.

For TEM, samples were washed repeatedly in cacody-
late buffer, postfixed in 1% OsO4 for 1 hour, and then
dehydrated through ascending grades of alcohol and
embedded in Epon resin. Ultrathin sections were stained
with uranyl acetate for examination using a Philips Mor-
gagni transmission electron microscope.

Statistics

Results are expressed as means � SEM. Morphometric
values estimating ZO-1 fragmentation and data on trans-
membrane flux of FITC-BSA were compared by analysis
of variance and Bonferroni test. Data on urinary protein
excretion rate and GFR in isolated perfused kidneys were
analyzed by paired Student’s t-test. Score of glomerular
distribution of ZO-1 in rat isolated perfused kidneys was
analyzed by Mann-Whitney test. Statistical significance
was defined as P � 0.05.

Results

Effects of Ang II on Actin Cytoskeleton and
ZO-1 Expression in Murine Podocytes

Results of double immunolabeling for F-actin and ZO-1
are reported in Figure 1. Podocytes displayed actin
stress fibers that were arranged in parallel (Figure 1a).
On Ang II addition, the pattern changed into reorganiza-
tion of F-actin to the cell periphery at the expense of
transcytoplasmic microfilaments (Figure 1d). In untreated
podocytes, the ZO-1 staining was peripherally distributed
at contacts and process interdigitations of adjacent cells
as fine segments (Figure 1b), while it appeared markedly
fragmented, and its density decreased in response to
Ang II (Figure 1e). Morphometric evaluation of ZO-1 la-
beling confirmed that the average number of ZO-1 seg-
ments per field as well as their total and mean length in
podocytes exposed to Ang II were significantly lower
than in unstimulated cells (Table 1). Double staining
showed ZO-1 colocalization with peripheral F-actin sub-
sets (Figure 1, c and f).

To investigate whether changes in ZO-1 staining re-
flected changes in the amount of protein expressed in
podocytes exposed to Ang II, we further analyzed ZO-1
expression by Western blot. As shown in Figure 2a, ZO-1
appeared as a band of 225 kd in control and in Ang
II-treated podocyte. Comparable ZO-1 levels indicated
no effect of Ang II on the amount of protein expressed.

After differential detergent extraction, the majority of
ZO-1 co-sedimented with actin in the insoluble fraction in
untreated podocytes. ZO-1 remained physically associ-
ated with actin in response to Ang II exposure (Triton
X-100-insoluble fraction: control, 79.3 � 2.6% of total
ZO-1; Ang II, 81.4 � 2.2%; n � 9 for each experimental
setting; Figure 2b). These findings are consistent with the
possibility that Ang II-induced actin cytoskeleton rear-
rangement might be responsible for reorganization of the
peripheral membrane architecture of podocytes, as re-
flected by altered ZO-1, and ultimately for barrier dys-
function of podocyte-podocyte contact. Evaluation of
transepithelial passage of fluorescent albumin to the ba-
solateral compartment of bicameral chambers disclosed
significant increases in albumin permeability across the

Figure 2. ZO-1 protein in Ang II-treated podocytes shows normal levels of
expression and maintains physical association with actin. a: Western blot
analysis of ZO-1 in differentiated podocytes either unstimulated (control,
lanes 1 to 3) or exposed to Ang II (10�7 mol/L for 1 hour) (lanes 4 to 6).
b: Differential detergent experiments showing distribution of ZO-1 and actin
in detergent-soluble (S) and -insoluble (P) fractions of control (lanes 1 and
2) and Ang II-stimulated podocytes (lanes 3 and 4). Numbers on the left
indicate molecular values (� 10�3) of protein standards. In a and b, blots are
representative of three and four experiments, respectively.

Figure 3. Ang II increases albumin permeability across podocyte monolay-
ers. Transepithelial albumin permeability in control (open bar) and Ang
II-stimulated podocytes in the absence (gray bar) or presence (hatched
bar) of the F-actin stabilizer JASP. JASP significantly prevented podocyte
permselective dysfunction. Data are means � SEM of three independent
experiments, *P � 0.01 versus control; °P � 0.01 versus Ang II.
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monolayer in response to Ang II (Figure 3). Ang II expo-
sure had no apparent effect on podocyte attachment,
because the cell density was not affected by Ang II (data
not shown). Finally, stabilization of F-actin by JASP (Fig-
ure 1, g and i) prevented Ang II-induced ZO-1 redistri-
bution as documented by immunofluorescent pattern
(Figure 1, h and i) and estimation of the density and
length of ZO-1 segments per field (Table 1), which were
similar to control one. Preservation of ZO-1 distribution in

podocytes by JASP was paralleled by a significant re-
duction of albumin leakage across the podocyte mono-
layer (Figure 3).

Ang II likewise altered podocyte expression of �-cate-
nin, (which binds both to actin and ZO-1), �-catenin
(which binds both to �-catenin and to P-cadherin at the
slit diaphragm), and �-actinin (linker of the cadherin/
catenin complex to actin via �-catenin31) (Figure 4). Im-
munofluorescent patterns of both catenins on Ang II ex-

Figure 4. Ang II alters catenins and �-actinin distribution in podocytes. Immunostaining of �- and �-catenin and �-actinin in control (a, c, and e) and Ang
II-stimulated podocytes (b, d, and f). On Ang II exposure (10�7 mol/L for 1 hour), catenins showed punctate patterns, whereas �-actinin was concentrated at
perinuclear sites.
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posure showed punctate distribution of the proteins and
a loss of peripheral staining in respect to unstimulated
podocytes (Figure 4, b versus a and d versus c). More-
over, �-actinin was densely present in the perinuclear
area instead of being localized on microfilament bundles
(Figure 4, f versus e). These findings suggest that actin
rearrangement may play a major role on the redistribution
of closely interacting proteins other than ZO-1 in re-
sponse to Ang II.

Role of AT1 Receptors in ZO-1 Redistribution
and Podocyte Dysfunction

Ang II is known to modulate several podocyte functions
through AT1 receptors.32 Thus, we next investigated
whether the observed Ang II effects could be related to
activation of AT1 receptors, which are expressed in the
murine podocyte line.33 Pretreatment of podocytes with
the specific AT1 receptor antagonist L-158,809 pre-
vented both the redistribution of ZO-1 (Figure 5, c versus
b; Table 1) and the increase in albumin permeability by
Ang II (Figure 5d).

Intracellular Signals Downstream of the
AT1 Receptor

It has been shown that tyrosine kinases serve as intra-
cellular signals for Ang II-induced actin reorganization

in human mesothelial and rat glomerular epithelial
cells.34,35 To investigate whether tyrosine kinases may
contribute to Ang II-induced ZO-1 redistribution, we fo-
cused on Src family tyrosine kinases, which mediate AT1

receptor signal events for cell adhesion and spreading.36

Pretreatment of podocytes with a selective inhibitor of Src
family kinases, PP1, prevented ZO-1 redistribution (Fig-
ure 6, a–c; Table 1) and significantly improved podocyte
permselectivity (trans-membrane albumin flux: Ang II �
PP1, 18.55 � 1.31 versus 35.78 � 3.02 �g/hour; P �
0.01; n � 3 independent experiments). One major target
of Src, PLC �1, is activated by Ang II.37 Thus, we evalu-
ated the role of PLC in actin reorganization and ZO-1
redistribution. Double immunostaining showed that the
PLC inhibitor U-73122 prevented both actin reorganiza-
tion and ZO-1 redistribution in Ang II-stimulated cells
(Figure 6, d–f; Table 1). These effects resulted in com-
plete prevention of albumin filtration across the mono-
layer (trans-membrane albumin flux: Ang II � U-73122,
14.17 � 0.26 �g/hour versus Ang II, 41.92 � 7.48 �g/
hour; P � 0.01; n � 3 independent experiments).

The effects of Ang II on ZO-1 distribution and albumin
permeability were further evaluated in a newly developed
murine podocyte cell line (by K. Endlich) that stably ex-
presses nephrin and forms a continuous epithelial layer in
the differentiated state,25 thus possessing features of in
situ podocyte cell-cell contacts. In the unstimulated
podocytes, ZO-1 staining was visible by immunofluores-

Figure 5. AT1 receptor mediates Ang II-induced ZO-1 redistribution and permselective dysfunction. a and b: Micrographs show ZO-1 redistribution in podocytes
exposed to Ang II (b) compared with control (a). c: L-158,809 prevented changes in ZO-1 staining in podocytes on Ang II exposure. d: Transepithelial albumin
permeability in control (open bar) and Ang II-stimulated podocytes in the absence (gray bar) or presence (hatched bar) of AT1 receptor blocker L-158,809.
Data are means � SEM of six independent experiments, *P � 0.01 versus control; °P � 0.01 versus Ang II.
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cence as a continuous belt outlining the cell borders
(Figure 7a). On Ang II exposure, ZO-1 was still peripheral
but interrupted (Figure 7b). 3-D reconstruction of podo-
cytes double stained with ZO-1 and DAPI showed that
disruption and fragmentation of ZO-1 in response to
Ang II was independent of the focal plane of observa-
tion, as shown by supplemental material (online at
http://ajp.amjpathol.org).

In our experimental settings, podocytes expressed
nephrin at the perinuclear region and at cell-cell contacts
(Figure 8a). This pattern of immunoreactivity is similar to
that previously described by Schiwek et al.25 In response
to Ang II, nephrin staining was weaker around the nu-
cleus and even absent at podocyte-podocyte contact
(Figure 8b). These changes were paralleled by an in-
crease in the albumin permeability across the podocyte
monolayer, an event that was significantly prevented by
Ang II receptor blockade and by inhibitors of Src family
kinases and PLC, confirming the data described above
(Figure 7).

Effect of Ang II on ZO-1 Distribution in the
Isolated Perfused Kidney

To investigate whether changes in ZO-1 on Ang II expo-
sure may also occur in the glomerulus and may possibly
reflect alterations responsible for proteinuria in vivo, we
infused Ang II in rat isolated perfused kidneys, as a tool
to study directly the effects of Ang II on glomerular cap-

illary wall function.14 Ten minutes of Ang II infusion sig-
nificantly increased urinary protein excretion rate in com-
parison with baseline values without affecting GFR (Table
2). In glomeruli of vehicle-infused kidneys, immunohisto-
chemical analysis of ZO-1 showed a predominant linear
pattern along the peripheral capillary wall (Figure 9a).
After infusion of Ang II, the staining was markedly altered
in more than 50% of glomeruli examined, exhibiting more
heterogeneous staining with a punctate pattern or loss of
protein at focal areas within glomeruli (Figure 9b). The
score averaged 0.40 � 0.04 in this group, a value signif-
icantly higher (P � 0.05) than that computed in vehicle-
infused isolated kidneys (0.19 � 0.04). Moreover, altered
ZO-1 distribution was associated with F-actin reorganiza-
tion. In isolated kidneys exposed to vehicle, the capillary
wall as well as the mesangium of nearly all glomeruli
examined (89 � 3%) were strongly positive for F-actin
(Figure 9c). This percentage was significantly reduced to
58 � 6% after infusion with Ang II because of the pres-
ence of glomeruli showing F-actin mainly concentrated in
mesangial areas rather than in the peripheral capillary
loops (Figure 9d). These changes were not associated
with ultrastructural evidence of podocyte damage or
apoptotic loss (Figure 10).

Discussion

The present report documents that Ang II induces actin
cytoskeleton reorganization, leading to redistribution of a

Figure 6. Src kinase activation of PLC plays role in the podocyte response to Ang II. a–c: Immunostaining for ZO-1 in control (a) and Ang II-stimulated podocytes
in absence (b) or presence (c) of the Src kinase inhibitor PP1. d–f: Double immunofluorescent staining of ZO-1 and actin in control (d) and Ang II-stimulated
podocytes in absence (e) or presence (f) of the PLC inhibitor U-73122.
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functionally important molecule of the foot process, ZO-1,
in mouse podocytes. The effects of increasing protein
permeability both in podocyte monolayers and in the rat
isolated perfused kidney in concomitance with ZO-1 re-
distribution disclose a direct action of Ang II in perturbing
the glomerular sieving function.

Several studies attest to the importance of the actin
cytoskeleton in regulating the tight junction paracellular
barrier.18,20 Our data on differential detergent extraction
of podocyte lysates show physical association between
ZO-1 and actin, suggesting a framework whereby the
cytoskeleton affects podocyte-podocyte contacts. The
direct interaction between actin and ZO-1 has been sug-
gested to enhance the retention and stabilization of ZO-1
at the cell junction for assembly and regulation of trans-
membrane proteins of the barrier.19 ZO-1 is also concen-
trated at cadherin-based cell-cell contacts in nonepithe-

lial cells, serving as a cross-linker between cadherin/
catenin complex and actin38 to confer strong cell-cell
adhesion.39 Consistently, the disorganization of actin cy-
toskeleton by cytochalasin D promotes a shift from strong
to weak adhesion.39 In murine podocytes generated by
Mundel and colleagues,23 ZO-1 is co-expressed with
catenins and P-cadherin at the slit diaphragm. In this cell
line, we have shown that actin-associated ZO-1 is redis-
tributed in response to Ang II, as are �- and �-catenin
and �-actinin, which colocalize with ZO-1 in the foot
process.10,23 Paracellular permeability assays performed
in a murine podocyte line by using anionic dextran (3 to
70 kd) have recently documented that podocytes estab-
lish a size-selective barrier dependent on differentia-
tion.40 One key finding here is that the altered ZO-1
distribution in differentiated mouse podocytes exposed
to Ang II was paralleled by increased albumin permeabil-

Figure 7. Ang II induces ZO-1 redistribution and permselective dysfunction in a novel podocyte cell line. a: Confocal images of confluent differentiated podocytes
exposed to medium alone displayed immunoreactivity for ZO-1 that appeared as continuous bands along the periphery of cells. b: In Ang II-treated cells, ZO-1
stained as peripheral interrupted lines. c: Transepithelial albumin permeability in control (open bar) and Ang II-stimulated podocytes in the absence (gray bar)
or presence (hatched bars) of AT1 receptor blocker L-158,809, Src family kinase inhibitor PP1, and PLC inhibitor U-73122. Data are means � SEM of four
experiments, *P � 0.05 versus control; °P � 0.05 versus Ang II.
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ity across the monolayer. We have obtained similar re-
sults using the podocyte line recently developed by
Endlich et al25 that displays in situ podocyte-podocyte
contacts. Our findings that JASP prevented Ang II-in-
duced ZO-1 redistribution and albumin permeability
through stabilization of F-actin demonstrate that actin
rearrangements underlie podocyte dysfunction. Thus,
actin cytoskeleton changes and increased permeability
to albumin confers, as shown for the first time, functional
significance to cytoskeleton reorganization relevant to the
specialized function of the podocyte in vivo. Our findings
of peripheral loss of nephrin on Ang II exposure are in
support of this interpretation. In line with our data, expo-
sure of cultured human glomerular epithelial cells to Ang
II was also reported to result in actin rearrangement and
physical dislocation of nephrin.41

In the glomerulus, the capillary wall permeability to
macromolecules is controlled at the filtration slit in such a
way that plasma proteins leak if the podocyte-podocyte
contact is altered. It is plausible that changes in actin
cytoskeleton induced by Ang II alter both ZO-1 distribu-
tion and foot process-foot process interaction, resulting in

increased transglomerular flux of plasma proteins. In
support of such interpretation, our data in rat isolated
perfused kidneys show that short infusions of Ang II
induced proteinuria without modifying GFR. The in-
creased glomerular permeability was associated with ab-
normal patterns of F-actin staining in glomerular epithelial
areas at peripheral capillary walls. In the light of our
findings in cultured podocytes, the loss of barrier function
was ultimately attributable, at least partly, to the concom-
itant ZO-1 redistribution in podocyte foot processes.

Overall, these data indicate that Ang II directly pro-
motes perturbation of the podocyte barrier and that the
ensuing redistribution of ZO-1 closely reproduces that
found at slit diaphragms in disease. Major insight can be
derived regarding the molecular mechanism underlying
proteinuria in rats with spontaneous glomerulosclerosis
showing ZO-1 redistribution and permselective dysfunc-
tion before any morphological lesion can be detected.17

In Munich Wistar Frömter rats, glomerular redistribution of
ZO-1 occurred without changes in the quantity of protein
expressed.17 Here, Western blot findings are in agree-
ment with the possibility that an altered interaction of

Figure 8. Ang II alters the distribution pattern of nephrin in a novel podocyte cell line. a: Confocal images of confluent differentiated podocytes exposed to
medium alone show nephrin staining at the perinuclear region and at the cell-cell contacts (arrows). b: No or much fainter peripheral signal was observed in
response to Ang II.

Table 2. Effect of Short Time Infusion of Ang II on Urinary Protein Excretion Rate and GFR in Rat Isolated Perfused Kidneys

Vehicle Ang II (16 ng/minute)

10 minutes* 20 minutes 10 minutes* 20 minutes

Proteinuria (�g/minute) 13.8 � 2.6 14.3 � 2.4 10.7 � 1.6 30.7 � 5.2†

GFR (ml/minute) 0.89 � 0.14 0.82 � 0.11 0.90 � 0.09 0.89 � 0.03

*Baseline pre-infusion values.
†P � 0.05 versus basal.
Data are mean � SEM (n � 3 for each group).
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ZO-1 with other associated proteins may disrupt the bar-
rier. Preliminary evidence in db/db mice and in podo-
cytes exposed to high glucose suggests that altered
expression of ZO-1 also contributes to the pathogenesis
of albuminuria in diabetes.42

Ang II binding to its receptors elicits many intracellular
events that are likewise associated with receptor activa-
tion by growth factors.43 Such events had not been in-
vestigated previously in relation to specialized podocyte
function. That AT1 receptor signaling in podocytes may
lead to protein leakage in vivo has been suggested by
findings of albuminuria and podocyte injury in transgenic
rats with targeted overexpression of human AT1 receptor
in podocytes.44 The inhibition of both ZO-1 redistribution
and permeability change of cell monolayer by L-158,809,
as shown here, reveals activation of the receptor on Ang
II exposure. Despite no intrinsic kinase activity, AT1 re-
ceptor interacts with nonreceptor tyrosine kinases of pe-
culiar interest, the Src family kinases, having a pivotal role
in AT1 receptor-mediated cell growth and vascular re-
modeling.36,45 Our data of specific inhibition of Ang II-
induced ZO-1 redistribution and permeability change us-

ing PP1 extend the role of Src kinase activation to the
induction of cell-cell contact change and permselective
dysfunction in podocytes. Src kinase activation was pre-
viously found to mediate epithelial contact disassembly in
response to migratory growth factors or v-Src.46 Thus, the
intracellular response to Ang II in podocytes seems to
conform to a more generalized signaling for control of
cell-cell contact.

Effects of U-73122 in preventing actin change, ZO-1
redistribution, and high permeability are in support of the
role of PLC, after activation by the Src kinase, in mediat-
ing the response of podocytes to Ang II. Because Ang II
through Src kinase promotes tyrosine-phosphorylation of
PLC-�1,37 which induces reorganization of cytoskeleton
in other cell types,47 the phosphorylation of PLC-�1 con-
ceivably represents an early signal for cytoskeleton alter-
ations including those that lead to ZO-1 redistribution in
podocytes. Tyrosine phosphorylation of PLC-�1 by hy-
drolyzing activity leads to decreased cellular content of
�-actinin- and vinculin-bound phosphatidylinositol 4,5-
bisphosphate (PIP2), thus contributing to impaired actin
bundle formation.48 Of note, we have documented that in

Figure 9. Short infusion of Ang II alters glomerular ZO-1 and F-actin distribution in rat isolated perfused kidney. Immunofluorescence staining for ZO-1 (a and
b) and F-actin (c and d) in isolated kidneys infused with vehicle or Ang II (16 ng/minute) for 10 minutes. a: Glomerulus of vehicle-infused kidney shows
immunoreactivity for ZO-1 along the peripheral capillary wall. b: Glomerulus of Ang II-infused kidney showing heterogeneous/discontinuous distribution of ZO-1
staining. c and d: Compared with vehicle (c), short infusion of Ang II induced also a decrease in F-actin staining in the peripheral capillary wall reflecting sites
of podocyte foot processes (d, arrowheads).
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the presence of Ang II, the loss of transcytoplasmic F-
actin filaments was associated with changes in �-actinin
distribution. Our findings that the PLC inhibitor U-73122
prevents podocyte dysfunction, by blocking PIP2 hydro-
lysis, suggest that the control of PIP2 concentration might
regulate the dynamic function of the filtration slit in vivo.
Further studies should address this important aspect of
the response of podocyte to Ang II.

In summary, our findings offer basic insight into the
glomerular dysfunction that leads to abnormal efflux of
proteins across the glomerular membrane and to renal
parenchymal injury. Independently of antihypertensive
properties, ACE-I and AT1 receptor blockers exert spe-
cific protection by preserving podocyte integrity, namely,
regulatory functions of actin cytoskeleton on podocyte-
podocyte contact. This provides specific rationale to their
use in practice. Investigation should be focused on strat-
egies that modulate transduction pathways and foot pro-
cess function to most effectively prevent renal disease

progression in patients resistant to currently available
treatments.
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